Introduction
54 Orthodontic relapse following orthodontic treatment has been a major clinical issue 55 for orthodontic dentists and patients. Retainers, which are the most widely used 56 device in the clinical setting, must be worn for at least a few years to prevent relapse 57 after the completion of orthodontic treatment. In earlier work, it was advocated that 58 permanent retention may be the only solution to maintain a long-term post-treatment 59 effect [1] . Yet, in some cases, teeth begin to relapse to their original position even 60 after orthodontic retention. It has been suggested that a relapse force is generated 61 during orthodontic tooth movement and stored in the periodontal and transseptal fiber 62 systems [2] . After the orthodontic appliance is removed, the relapse force is released, 63 and the teeth begin to move back to their original positions [3] . Indeed, there is more 64 than a 19% relapse rate even with the effective use of retainers after orthodontic 65 treatment at 3 years [4] . An orthodontic retention animal model is necessary to 66 elucidate the mechanism of orthodontic relapse. However, as yet, there is no animal 67 model of retention with which to evaluate these processes.
68
Orthodontic tooth movement (OTM) is achieved by continuous alveolar bone 69 resorption by osteoclasts on the side undergoing compression along with the 70 stimulation of new bone formation by osteoblasts on the side subjected to tension. (Fig. 2C) . The 218 best space retention at r15 was for mice in G3 (87.21 ± 12.59 μm) as compared with 219 mice in G2 (41.46 ± 7.26 μm) and those in G1 (12.48 ± 6.04 μm). The interdental 220 distance after 2 weeks was significantly lower in the control group on r15 as 221 compared with the mice subjected to retention for 2 weeks (P < 0.01). Greater 222 interdental distance was seen for mice subjected to retention for 4 weeks compared 223 with those in the 2-week group (P < 0.01; Fig. 2C and 2D).
224
225 Orthodontic relapse is inhibited by retention 226 The relapse distance was calculated as: relapse distance at r0 − relapse distance at r15.
227 Relapse distance was significantly shorter (60.44 ± 4.91 μm) in the mice subjected to 228 4 weeks of retention (G3) as compared with those subjected to only 2 weeks of 229 retention (G2, 106.18 ± 8.68 μm) or no retention (G1, 143.17 ± 7.83 μm) (Fig. 2E ).
230
231 Relapse rate is reduced after retention 232 Some relapse occurred in all groups, irrespective of treatment. The relapse rate 233 peaked on day 1 among mice in G1 as compared with mice in G2 and G3. After day 234 1, the relapse rate declined, but remained higher for mice in G1 than for those in G2 235 and G3. Mice in G3 showed a more stable relapse rate than those in G1 or G2, but 236 still maintained the same tendency for a rapid initial relapse followed by a gradual 237 slower relapse ( 275 and M2 in the antibody group (124.06 ± 4.31 μm) was significantly greater than the 276 space in the PBS (87.21 ± 6.59 μm) group (Fig. 4B ) at r15. These findings suggest 277 that orthodontic relapse was suppressed by injection with the anti-c-Fms antibody 278 (Fig. 4C) . To further confirm these findings, we calculated osteoclast number using 279 histological analysis. On r15, more TRAP-positive cells were observed on the distal 280 side of the alveolar bone in mice administered with PBS (6.8 ± 1.55 cells/section) as 304 significantly shorter amount and more gradual rate of relapse when compared with 305 mice not treated with retention. In addition, we found that a longer retention period 306 lowered the relapse distance and rate of relapse. We also showed that orthodontic 307 relapse was associated with the presence of osteoclasts, with fewer osteoclasts found 308 in mice treated with a longer period of retention. Finally, we found that the anti-c-Fms 309 antibody can inhibit orthodontic relapse by blocking osteoclastogenesis.
310
Intriguingly, all of the teeth subjected to forced orthodontic movement showed 311 some evidence of tooth movement back toward their original positions. Faster and 312 more significant movement was found following the removal of the coiled spring 313 appliance (G1) than if the mice were subjected to some form of retention using light-
cured resin (G2, G3). This finding indicates that an effective retention can help to
315 reduce the degree of relapse post-treatment, with a longer retention period associated 316 with a better outcome. However, it seems that retention cannot prevent relapse 317 completely. We also found that bone remodeling might occur around the root during 318 the retention period, with a longer retention period potentially associated with more 319 new bone formation and less bone resorption.
320
Yet how orthodontic relapse occurs after retention is still unclear. We, therefore, 321 analyzed osteoclast activity on histological sections of the distal buccal root of the 322 upper left first molar on both the mesial and distal sides. On the mesial side, there was 323 a high number of osteoclasts in mice not treated with retention (G1) and this number 324 decreased in mice treated with retention, with longer retention associated with fewer 325 osteoclasts. These findings indicate that bone resorption by osteoclasts still occurs 326 during the period of retention on the mesial side. However, on the distal side, minimal 327 osteoclast activity was detected at r0, but this increased proportionally in each group 328 by r15. Overall, we surmise that osteoclast activity is a potential cause of orthodontic 329 relapse.
330
In preliminary tests, we examined three different materials for fixation of the 331 retention apparatus after OTM: a self-curing resin, a flowable composite, and light-332 cured resin. The self-curing resin and the flowable composite were difficult to control, 333 even though the flowable composite was easy to initially position. In contrast, the 334 light-cured resin showed good fixation and was thus chosen for subsequent 335 experiments. The interdental space was maintained well by the light-cured resin with 336 the use of a dental etching agent and a dental bonding agent.
337
Relapse occurred in all three groups following the removal of coil spring appliance 338 (G1) or removal of the light-cured resin (G2, G3). The relapse rate was rapid initially In conclusion, we find that the amount and rate of relapse are shorter with a longer 398 period of retention. We also show that orthodontic relapse is dependent on osteoclast 399 number, which is high on the mesial side without retention, and reduces proportional 400 to the length of the retention period. Anti-c-Fms antibody can inhibit
